CD95͞Fas͞APO-1 mediated apoptosis is an important mechanism in the regulation of the immune response. Here, we show that CD95 receptor triggering activates an outwardly rectifying chloride channel (ORCC) in Jurkat T lymphocytes. Ceramide, a lipid metabolite synthesized upon CD95 receptor triggering, also induces activation of ORCC in cell-attached patch clamp experiments. Activation is mediated by Src-like tyrosine kinases, because it is abolished by the tyrosine kinase inhibitor herbimycin A or by genetic deficiency of p56lck. In vitro incubation of excised patches with purified p56lck results in activation of ORCC, which is partially reversed upon addition of anti-phosphotyrosine antibody. Inhibition of ORCC by four different drugs correlates with a 30-65% inhibition of apoptosis. Intracellular acidification observed upon CD95 triggering is abolished by inhibition of either ORCC or p56lck. The results suggest that tyrosine kinase-mediated activation of ORCC may play a role in CD95-induced cell death in T lymphocytes.
Programmed cell death can be induced by various physiological and pathological factors, including Fas͞Apo-1͞CD95, tumor necrosis factor, ceramide, reactive oxygen species (ROS), and bacterial toxins (1, 2) . Signal transduction during CD95-induced apoptosis, which is especially important in the regulation of the peripheral immune response (3), has been studied extensively (1, 4, 5) . Ceramide, generated by sphingomyelinases, is released upon CD95 triggering and can induce apoptosis by itself (6) . Src-like protein tyrosine kinases are also crucial for CD95-induced apoptosis, because their inhibition (7) or the expression of the tyrosine phosphatase FAP (8) prevent cell death. Further, CD95 triggering activates, among other molecules, members of the caspase family, Jun Nterminal kinases and the small G protein Ras (9) . Possible targets of the proteases, kinases, and G proteins participating in the signaling pathway still have to be clarified.
Ion channels have been implied in lymphocyte proliferation (10) (11) (12) . Little is known about the possible role of ion channels in the complex process of CD95-triggered apoptosis. We recently have shown that CD95 triggering, ceramide, and ROS inhibit the most abundant K ϩ channel (Kv1.3) in lymphocytes (13) (14) (15) . We observed that the activity of an outwardly rectifying chloride channel (ORCC) also is changed upon CD95 receptor stimulation. The presence of ORCC has been described in various cell types, e.g., in epithelial cells, fibroblasts, and lymphocytes (16) (17) (18) (19) (20) . ORCC in lymphocytes is characterized by a strong outward rectification of the current-voltage (I-V) relation, by a slope conductance of approximately 40 pS (in 150 mM NaCl), by the presence of conductance substates, by high open channel noise, and by a complex kinetic behavior (19, 20) . Although the conductance and the kinetic appearance of ORCC may vary slightly from patch to patch (19, 20) , the mentioned characteristics distinguish this channel from other T lymphocyte chloride channels, e.g., the maxi-chloride channel, the cystic fibrosis transmembrane regulator (CFTR) channel and the small-conductance, osmotic pressure-triggered channel (21) (22) (23) (24) . The genes for several different chloride channels have been cloned (25, 26) ; however, the protein(s) forming ORCC have not yet been identified. ORCC is silent in intact, unstimulated lymphocytes, but it can be activated by membrane excision and prolonged depolarization (19, 20) . ORCC has been shown to be activated also by the catalytic subunit of protein kinase A (PKA)͞ATP when applied on the cytoplasmic side of excised patches and by a membranepermeable cAMP analog in cell-attached patches (19) . Activation of this channel by PKA͞ATP is defective in CF cells (27) , suggesting that it may contribute to the abnormal regulation of fluid secretion observed in this disease. The physiological function of ORCC in lymphocytes is still not understood.
In this study we report a mechanism of ORCC activation via tyrosine kinases upon CD95 receptor ligation. The results also suggest a possible involvement of ORCC in CD95-induced apoptosis.
Electrophysiology. Patch clamp experiments (28) were performed in both cell-attached and inside-out excised patch configurations. Both the pipette and the bath solutions contained 150 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2.5 mM CaCl 2 , 10 mM Hepes, pH 7.4. In some experiments the pipette solution contained 140 mM tetraethylammonium chloride, 2.5 mM CaCl 2 , 5 mM MgCl 2 , 10 mM Hepes, pH 7.4. For the determination of bicarbonate permeability the procedure described in ref. 29 was used. The pipette was filled with 130 mM NaHCO 3 , 15 mM NaCl, 1.3 mM CaCl 2 , 1.6 mM K 2 HPO 4 , 0.4 mM KH 2 PO 4 , and 1 mM MgCl 2 , pH 7.4. The solution was bubbled with 30% CO 2 until it was used for filling the pipette. The bath solution contained 145 mM NaCl instead of 130 mM NaHCO 3 . The resistance of the electrodes was 3-7 MOhm. The experiments were performed at 27°C in a 0.4-ml chamber, in which cells were perfused at 25 ml͞h either with a control solution or with a solution containing the test substance or antibody. The duration of the experiments varied from patch to patch (from 30 to 85 min). Currents were monitored with an EPC-9 (HEKA Electronics, Lambrecht͞Pfalz, Germany) amplifier. Data were recorded at 2 kHz sampling rate, low-pass filtered at 300 Hz, and analyzed with TAC software (Instrutech, Mineola, NY). Eight-second voltage ramps were applied at 60-sec intervals to monitor channel activity. For construction of the I-V curves, current amplitude was measured at various potentials from at least two ramps [the first ramp(s) after channel activation and the last ramp of the experiment] for each experiment. P o was determined by creating event lists from most of the 8-sec ramp periods for each experiment. Cations leaving the cell correspond to outward current and are reported as upward deflections. Membrane potential (V m ) is reported as intracellular with respect to ground. For cellattached recordings voltages are expressed relative to the cellular resting potential (Ϫ39 Ϯ 6 mV). Leak current was not subtracted. For V m measurements performed in the whole-cell configuration in current clamp mode, the pipette solution contained 128 mM K͞glutamate, 1 mM EGTA, 1 mM MgCl 2 , 0.22 mM CaCl 2 , and 10 mM Hepes, pH 7.2; the bath solution was a standard Ringer solution of 145 mM NaCl, 10 mM glucose, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM Hepes, pH 7.4. The effect of drugs was determined either by switching the control bath solution to a drug-containing solution to check for acute changes, or by incubating the cells for 7 h in RPMI solution at 37°C in the presence of the drug and then measuring V m .
Induction and Measurement of Apoptosis. Jurkat T lymphocytes (10 6 per well) were pretreated for 15 min with 100 M each glibenclamide, IAA, and DIDS, 1 mM DPC, and 10 M herbimycin A or left untreated, stimulated 4 h with 200 ng͞ml anti-human CD95 antibody (incubated at 37°C in a humidified incubator during these periods), stained with FITC-AnnexinV, and analyzed by flow cytometry. The percentage of inhibition of apoptosis was determined by measuring and comparing the area under the curve of the histograms of FITC-fluorescence in the control and inhibitor-treated samples. In a separate series of apoptosis measurements, cells were labeled for 12 h with 2 Ci͞ml [ 3 H]thymidine, washed, incubated with inhibitors, and stimulated with anti-human CD95. DNA fragmentation was determined in triplicates in three experiments by lysis of the cells in H 2 O and filtration through nitrocellulose followed by liquid scintillation counting (9) . Because small DNA fragments do not bind to the membrane, the decrease of bound radioactivity is a measurement for cell death.
pH Measurements. Jurkat T lymphocytes were stimulated with 200 ng͞ml anti-human CD95 antibody for 3.5 h. Cells were loaded for 30 min with 1 M 2Ј,7Ј,-bis-(2-carboxyethyl)-5-(and-6)carboxyl-f luorescein methyl-ester (Molecular Probes). During these periods the cells were kept in a humidified incubator at 37°C and 5% CO 2 . Measurements were performed at room temperature in the absence of added CO 2 after washing of the cells twice in a dye-free medium. For spectrophotometric recording, excitation light with an alternating wavelength of 485 and 440 nm from a monochromator light source (Uhl, Germany) was directed through gray filters (nominal transmission 1%, Oriel, Stamford, CT) and was deflected by a dichroic mirror (FT 515 nm, Omega Optical, Brattleboro, VT) into the objective (ϫ40, Zeiss). The emitted fluorescence was measured at 521 nm (Raman Longpass, Omega) by using a photomultiplier tube (213-IP28A, Seefelder Messtechnik, Germany). Cytosolic pH was calibrated with the high potassium͞nigericin technique (30) . The fluorescence ratios at 485͞440 nm were linear with cytosolic pH between 6.5 and 7.5. In all experiments, to reduce the region from which fluorescence was collected, a plate with a pinhole (diameter, 1.6 mm) was placed in the image plane of the phototube. Data acquisition was executed by using a computer program (IMG 8, Lindemann & Meiser, Germany).
p56lck Assay. The activity of Src kinases was determined by autophosphorylation. The experiments were performed by 15-min incubation of p56lck immunoprecipitates in 25 mM Hepes, pH 7.2͞150 mM NaCl͞1 mM Na 3 VO 4 ͞5 mM DTT͞10 mM MgCl 2 ͞0.5% Nonidet P-40͞10 M ATP͞10 Ci [ 32 P]␥ATP (3,000 Ci͞mmol; DuPont͞NEN). Samples were separated by SDS͞PAGE and analyzed by autoradiography.
RESULTS
We examined first the biophysical properties of ORCC in inside-out excised patches from untreated Jurkat T lymphocytes. In accordance with previous reports, ORCC was characterized by high open channel noise, by the presence of conductance substates, and by a slope conductance of approximately 40 pS at 0 mV, which varied slightly from patch to patch (19, 20) . Fig. 1A shows the characteristic, strong, outwardly rectifying open-channel I-V relation of ORCC from control, inside-out excised patches. ORCC activity was never observed in these patches unless the patch was held at ϩ60 to ϩ80 mV for 1-5 min. ORCC was detected in 48% of the excised patches (n ϭ 134). Reducing chloride concentration in the bath from 150 to 75 mM shifted the reversal potential in excised patches by Ϫ14 Ϯ 2 mV (n ϭ 3, not shown). ORCC was observed in excised patches by using a pipette solution containing tetraethylammonium chloride (n ϭ 6). Both results indicate chloride selectivity.
To investigate the activity of ORCC upon CD95 ligation, patch clamp experiments in cell-attached configuration were performed on Jurkat cells either stimulated via CD95 or left untreated. In accordance with previous reports (16, 17) ORCC was always silent in the cell-attached configuration under control conditions (n ϭ 59), i.e., the probability of the channel being open (P o ) was zero. The presence of ORCC in each patch was tested by subsequent excision and sustained depolarization. Treatment of Jurkat cells with 200 ng͞ml monoclonal anti-human CD95 antibody resulted in an increase of the channel's P o from 0 to 0.59 Ϯ 0.19 (SD) in 9 of 10 cell-attached experiments in which ORCC was present. In 11 further experiments no activation could be observed. The lack of ORCC in these 11 patches was ascertained by subsequent patch excision and depolarization. Thus, 9 successful activations were achieved out of 21 attempts (43%). We monitored the channel activity by applying short voltage ramps from ϩ80 to Ϫ80 mV (ϪV pip ) and leaving the cells at resting potential between the ramps, to avoid any possible influence of an imposed steady-state voltage on channel activation. Activity before (Fig. 1B Upper) and after stimulation (Fig. 1B Lower) from the same cell-attached patch is shown in Fig. 1B . ORCC was activated within 4.7 Ϯ 1.5 min and remained active for at least 80 min. Polyclonal anti-mouse CD95 antibody (200 ng͞ml), which does not bind to human CD95 and was used as Lower, n ϭ 6). The channel activated by anti-human CD95 antibody displayed typical ORCC activity and chloride selectivity, as assessed by using a pipette solution containing tetraethylammonium chloride (n ϭ 5). As shown on Fig. 1D , the open channel I-V curves of ORCC recorded from CD95-triggered patches or from control excised patches were not significantly different. ORCC has been shown to be activated by the cAMPregulated CFTR (19, 27) , which is expressed in human T and B lymphocytes (31, 32) . Fig. 1D shows the I-V curve of the channels activated by 200 M dibutyryl-cAMP in cell-attached patches (n ϭ 7; in six further experiments ORCC was not present in the patch). The channels activated by CD95 triggering and by dibutyryl-cAMP displayed similar activities. However, in accordance with a recent study (33) , in our experiments CD95 ligation failed to change cAMP levels or to stimulate PKA (not shown). This result suggested that activation of ORCC by CD95 triggering was not mediated by cAMP.
To gain some insight into the molecular mechanism of CD95-induced activation of ORCC, we tested whether ceramides mimic the effect of anti-human CD95 antibodies on ORCC. Ceramides have been shown to be important mediators of CD95-induced apoptosis (6, 9, 34) , and lymphocytes lacking the acidic sphingomyelinase are resistant to CD95-triggered apoptosis (35) . Synthetic C6-ceramide (20 M), but not the inactive stereoisomer dihydro-C2-ceramide (20 M, n ϭ 5), activated ORCC in cell-attached patches ( Fig. 2A) , indicating a specificity of the effect of C6-ceramide. Incubation Proc. Natl. Acad. Sci. USA 95 (1998) of the cells with C6-ceramide resulted in a significant increase of the P o from 0 to 0.71 Ϯ 0.24 in 9 of 10 cells. Fig. 2B shows the I-V curve of the channels activated in these cells. In seven further experiments ORCC was not present (9 activations of 17 attempts; 53%). CD95 ligation and ceramide treatment have been shown to stimulate Src-like tyrosine kinases (7, 36, 37) . Activation of ORCC was prevented by pretreatment with herbimycin A, an inhibitor of Src-like tyrosine kinases (n ϭ 6) (Fig. 2C) . In accordance with previous reports (7, 37) , herbimycin A reduced CD95-induced apoptosis by 80%. In JCaM 1.6 cells, a Jurkat cell clone genetically deficient for p56lck (38) , the major Src-like tyrosine kinase in Jurkat cells, anti-human CD95 antibody failed to activate ORCC in all 5 cell-attached patches of the 16 patches in which ORCC was present.
To further study the significance of tyrosine kinase for ORCC activation, inside-out excised patches from Jurkat cells were incubated with 2 units͞ml of purified p56lck enzyme plus 10 M ATP at 0 mV. The addition of p56lck activated ORCC within 5 min and caused an increase of P o from 0 to 0.68 Ϯ 0.22 (n ϭ 6 of 13 trials; in 7 experiments ORCC was not present in the patch) (Fig. 2D) . The I-V curve of the channels activated by purified p56lck is shown on Fig. 2E . In excised control patches held at 0 mV the channel was never activated (n ϭ 134) even in the presence of 10 M ATP (n ϭ 2). After activation of ORCC by p56lck, 10 g͞ml anti-phosphotyrosine antibodies 4G10 were added to the cytosolic surface of excised inside-out patches (n ϭ 3), resulting in a significant decrease of the P o from 0.74 Ϯ 0.15 to 0.35 Ϯ 0.21 (two-tailed t test; P Ͻ 0.0002) (Fig. 2D) . The molar ratio between the added p56lck and the 4G10 was approximately 1:5. An isotype-matched monoclonal mouse Ig had no effect (n ϭ 2, not shown). As tested by measuring autophosphorylation of p56lck, its kinase activity was not diminished upon addition of 4G10 antibodies (not shown). We conclude that ORCC activation by CD95 triggering involves ceramides and the tyrosine kinase p56lck.
To study the significance of ORCC activation by CD95, we inhibited the channel and measured the rate of apoptosis. Because the ORCC gene is not cloned, only pharmacological inhibitors, i.e., stilbene derivatives, IAA, DPC, calixarene, and glibenclamide, can be applied (20, (39) (40) (41) (42) . We first determined the concentrations at which these inhibitors themselves did not affect cell viability. Afterward, we tested the effect of these known inhibitors, at the nontoxic concentrations, on ORCC activity in Jurkat T lymphocytes. In agreement with earlier findings (40) , 100 M glibenclamide caused a 78 Ϯ 9% reduction of the open probability of ORCC in inside-out excised patches held at different potentials (n ϭ 3) (Fig. 3A) . In outside-out patches the block is almost complete (40) . IAA (100 M) (n ϭ 3; Fig. 3B ) and 1 mM DPC (n ϭ 2, not shown) inhibited the channel as well, as reported previously (20, 39) . Therefore, we used these concentrations of the substances to check the effect of ORCC inhibition on CD95-induced apoptosis.
The inhibition of ORCC by different compounds correlated with a 30-65% reduction of CD95-triggered apoptosis assessed either by flow cytometric analysis of FITC-Annexin binding to the cells (Fig. 3 C and D) (n ϭ 6 for each drug) or, in a separate set of experiments, by DNA fragmentation measurements (Fig. 3E) (n ϭ 9 for each inhibitor). The Annexin V fluorescence increase upon CD95 triggering was not significant in the early phase of apoptosis (0.5-2 h) whereas changes were evident after 4 h. IAA and glibenclamide were most effective in reducing CD95-induced cell death (Fig. 3  C-E) . The results obtained by measuring apoptosis with the two methods were in good agreement both for glibenclamide [an inhibition of apoptosis by 65 Ϯ 9% (Annexin binding) and by 53 Ϯ 4% (DNA fragmentation) was observed] and for IAA (48 Ϯ 8% and 55 Ϯ 4% reduction in apoptosis, respectively). DPC (1 mM) and the stilbene derivative DIDS (100 M) had less of an effect (32 Ϯ 7% and 30 Ϯ 4% reduction of apoptosis, respectively; not shown). Higher concentrations of DIDS affected the viability of control cells and therefore could not be used for apoptosis tests. 100 M DIDS caused a partial, flickering block of the channel in excised patches (n ϭ 2, not shown). Because these drugs, in particular glibenclamide, an inhibitor of ABC transporters͞channels, might have changed the V m , we tested whether this was the case. The V m was Ϫ33.1 Ϯ 4. All data are expressed as arithmetic mean Ϯ SEM (n ϭ 9 for each point). Differences between CD95-triggered apoptosis in the absence and in the presence of inhibitors are significant at 4 and 8 h of incubation (P Ͻ 0.05, two-tailed t test).
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Cell (4)arene (TS-TM calixarene; 300 nM) inhibited neither apoptosis nor ORCC channel activity in on-cell patches in Jurkat cells. The correlation between inhibition of ORCC function and partial inhibition of apoptosis by four different drugs suggests that ORCC may be involved in CD95-induced apoptosis. CD95-triggered apoptosis in Jurkat cells is preceded by intracellular acidification, and treatment with alkalinizing reagents reduces apoptosis pointing to an important role of cytosolic pH (43) . The outwardly rectifying channel may directly conduct bicarbonate in various cells (29, 44) or it may favor, by release of Cl Ϫ , the cellular release of bicarbonate in exchange for Cl Ϫ (on the Cl Ϫ ͞HCO 3 Ϫ exchanger). ORCC of Jurkat cells also is permeable to bicarbonate because application of 130 mM HCO 3 Ϫ in the pipette solution resulted in a 21.5 Ϯ 1.5 mV shift of the reversal potential, revealing a permeability ratio P HCO 3 Ϫ ͞P Cl Ϫ of 0.38 Ϯ 0.03 (n ϭ 4). Therefore, we investigated a possible role of ORCC activation for CD95-induced acidification. CD95 ligation induced a significant cellular acidification by 0.6 pH units within 4 h, which was strongly inhibited by glibenclamide or IAA (100 M) (Fig.  4A) . Furthermore, intracellular acidification was blocked in cells pretreated with herbimycin A or in JCaM1.6 cells (Fig.  4B ). These data suggest that the p56lck mediated-ORCC activation upon CD95 may result in cellular acidification. However, activation of ORCC during apoptosis may influence other processes, e.g., volume regulation or maintenance of V m as well.
DISCUSSION
In this report we show activation of an outwardly rectifying chloride channel by CD95 receptor ligation. The data obtained applying pharmacological and genetic methods show that tyrosine phosphorylation of ORCC itself or of a regulatory protein is required for the activation of the channel by CD95 triggering. The results also suggest that ORCC activation is one step in the chain of events leading to apoptosis.
Tyrosine kinases are essential for CD95-induced apoptosis and have multiple cellular target molecules in lymphocytes. The in vitro activation of ORCC by p56lck may reflect a direct modification of the channel. However, other molecule(s) present in the patch conceivably could serve as mediator(s) between p56lck and ORCC. The partial reversal of p56lck-induced activation by the anti-phosphotyrosine antibody 4G10 suggests that ORCC or an associated regulatory protein is activated via direct tyrosine phosphorylation. The result of the kinase assay suggests that 4G10 does not inhibit ORCC by direct inhibition of p56lck. The observation that shows inactivation of a channel upon addition of 4G10, suggests that phosphorylated tyrosine residue(s) might play a role in channel gating. We recently have studied activation of chloride channels resembling ORCC by purified p56lck in whole-cell experiments as well (45) . Cloning and purification of ORCC will be necessary to determine precisely the phosphorylation target. The P o of CFTR channels have been shown to increase by tyrosine kinase p60 c-src and the tyrosine phosphatase inhibitor vanadate (46) . Therefore, it is possible that activation of ORCC by tyrosine kinases in our experiments was mediated by CFTR, which is expressed at low levels in lymphocytes (32) . However, we could not observe activation of the biophysically distinct CFTR chloride channels upon apoptosis triggering.
ORCC is known to be inhibited by various, not highly specific substances. Glibenclamide also inhibits ATP-sensitive K ϩ channels, which, however, are not expressed in lymphocytes (47) . In accordance, glibenclamide practically did not alter V m . ORCC and CFTR are the only other reported targets of glibenclamide (40) . DPC also inhibits both chloride channels. On the other hand, IAA and DIDS inhibit ORCC, but not CFTR. The inhibitory effect of four different inhibitors of ORCC on CD95-induced apoptosis suggests the involvement of ORCC in apoptosis. However, we cannot exclude the possibility that another protein, involved in CD95-triggered apoptosis, is inhibited by all four substances. The involvement of ORCC in apoptosis might be confirmed once its gene has been identified. A role for CFTR in cycloheximide-induced apoptosis recently has been suggested in epithelial cells because its inhibition by DPC and a mutation in its gene protected against such a process (48). CFTR, which is expressed in lymphocytes at lower levels than in epithelial cells (31, 32) , is insensitive to IAA and DIDS, which inhibited CD95-induced apoptosis. Furthermore, lymphocytes derived from CF patients (n ϭ 3) showed normal CD95-induced cell death rates when compared with control lymphocytes (E.G., J.S., F.L., unpublished data).
The physiological function of ORCC in lymphocytes is unknown. Possible roles include maintenance of V m , macromolecule secretion, and regulation of volume and bicarbonate secretion. Gottlieb et al. (43) reported that intracellular acidification to approximately pH 6.8, measured by fluorescenceactivated cell sorter analysis, occurs within 3 h upon CD95 The findings that CD95 triggering fails to induce acidification in herbimycin A-treated cells and in Jurkat cells deficient of p56lck kinase and that in these cells ORCC was not activated upon CD95 triggering also would favor this hypothesis. However, activation of ORCC during apoptosis also may influence processes other than acidification. Intracellular acidification itself also may exert an effect on V m . ORCC activation may result in an efflux of bicarbonate, possibly leading to (i) an intracellular acidification because of the continuous replenishment of the carbonic acid species by diffusion of CO 2 ; and (ii) a limited decrease of V m because of the efflux of negative charges. In the absence of CO 2 these processes would be expected to be much more limited in scope and transient. Acidification-induced depolarization has been reported in T lymphocytes (49) . In addition, bicarbonate-dependent pH regulation is known to occur and to depend on membrane potential in epithelial cells (50) . In summary, in the present work we show that an outwardly rectifying chloride channel, ORCC, is up-regulated in CD95-induced apoptosis. We provide evidence that activation upon CD95-triggering is mediated by tyrosine phosphorylation, a novel mechanism of ORCC regulation. Our results also suggest an involvement of ORCC in CD95-induced apoptosis, possibly through an effect on intracellular pH.
